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FUNCTIONALIZED DEGRADABLE POLYMERS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to the synthesis of 
degradable polymers. More particularly, the present inven 
tion relates to degradable polymers having increased func 
tionality. 

[0003] 2. Related Art 

[0004] Interest in the synthesis of neW degradable poly 
mers has expanded in recent years. This increased interest 
stems in part from the concern that the extensive and 
continuing use of polymers in today’s society Will result in 
environmental damage. The concern is that many polymers 
used in commercial applications are inert and thus able to 
Withstand natural processes that cause other non-inert mate 
rials to disintegrate and decompose. As a result of this 
inertness, polymers have accumulated in land?lls and 
thereby have contributed to the shortage of land?ll space 
generally. This problem Will only be exacerbated as poly 
mers are used in more and more commercial products and 
services. Thus, there is a need for developing polymers for 
commercial applications that have an enhanced ability to 
degrade. 

[0005] The increased interest in the synthesis of neW 
degradable polymers also stems in part from the use of 
synthetic polymers in medical applications. In medical 
applications, not only must the polymer be able to degrade, 
but the degradation products also must be compatible With 
the human body, i.e., be nontoxic. In this situation, the 
polymers are termed biodegradable, indicating their ability 
to degrade due to biological processes occurring inside the 
human body. As early as the 1960s, synthetic polymers Were 
used in the ?eld of surgical medicine as suture material. The 
polymeric suture material Was both biodegradable and 
absorbable, that is, the polymers decomposed after a period 
of time after implantation in the human body, and those 
decomposition products Were absorbed by the human body 
Without any adverse or toxic effects. The advantage of 
biodegradable polymer-based suture materials is the ability 
to fabricate ?bers With varying absorption rates to match the 
healing pro?les of the tissues they help to repair. Another 
advantage of such polymer-based sutures over traditional 
silk and gut sutures is enhanced versatility and loW tissue 
reactivity. 

[0006] In addition to use as suture material, degradable 
polymers have been used in other biomedical applications, 
such as polymer-based drug delivery systems. In such a 
system, degradable polymers are used as a matrix for the 
controlled or sustained delivery or release of biologically 
active agents, such as, drugs, to the human body. In addition, 
the development of endoscopic surgical techniques has 
resulted in the need for developing such degradable drug 
delivery systems Wherein the placement of the drug delivery 
device is targeted for speci?c anatomical locations. 
Examples of such polymer-based drug delivery systems are 
described in the folloWing U.S. patents: U.S. Pat. No. 
6,183,781, entitled “Method for Fabricating Polymer-based 
Controlled-release Devices”; U.S. Pat. No. 6,110,503, 
entitled “Preparation of Biodegradable, Biocompatible 
Microparticles Containing a Biologically Active Agent”; 
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US. Pat. No. 5,989,463, entitled “Methods for Fabricating 
Polymer-based Controlled-release Devices”; US. Pat. No. 
5,916,598, entitled “Preparation of Biodegradable, Biocom 
patible Microparticles Containing a Biologically Active 
Agent”; U.S. Pat. No. 5,817,343, entitled “Method for 
Fabricating Polymer-based Controlled-release Devices”; 
US. Pat. No. 5,650,173, entitled “Preparation of Biodegrad 
able, Biocompatible Microparticles Containing a Biologi 
cally Active Agent.” Other examples of polymer-based drug 
delivery systems are described in Us. Pat. No. 5,922,253, 
entitled “Production Scale Method of Forming Micropar 
ticles” and Us. Pat. No. 5,019,400, entitled “Very LoW 
Temperature Casting of Controlled Release Microspheres,” 
the technology described therein also knoWn as Prolease®. 
All of the above-identi?ed patent applications are assigned 
to Alkermes Controlled Therapeutics, Inc. of Cambridge, 
Mass., and are incorporated herein by reference. 

[0007] Degradable polymers have also been used in other 
biomedical applications, including use as polymer scaffolds 
for tissue engineering. In this biomedical application, porous 
polymer scaffolds are shaped into articles for tissue engi 
neering and tissue guided regeneration and repair applica 
tions, including reconstructive surgery. Scaffold applications 
include the regeneration of tissues such as nervous, muscu 
loskeletal, cartilaginous, tendenous, hepatic, pancreatic, 
ocular, integumentary, arteriovenous, urinary or any other 
tissue forming solid or holloW organs. Scaffolds have been 
used as materials for vascular grafts, ligament reconstruc 
tion, adhesion prevention and organ regeneration. In one 
embodiment, the polymer scaffold provides physical support 
and an adhesive substrate for isolated cells during in vitro 
culturing and subsequent in vivo implantation in the human 
body. An alternate use of degradable polymer scaffolds is to 
implant the scaffold directly into the body Without prior 
culturing of cells onto the scaffold in vivo. Once implanted, 
cells from the surrounding living tissue attach to the scaffold 
and migrate into it, forming functional tissue Within the 
interior of the scaffold. Regardless of Whether the scaffold is 
populated With cells before or after implantation, the scaf 
fold is designed so that as the need for physical support of 
the cells and tissue diminishes over time, the scaffold Will 
degrade. Degradable polymer scaffolds are described, for 
example, in US. Pat. No. 6,103,255, entitled “Porous poly 
mer scaffolds for tissue engineering,” and is incorporated 
herein by reference. 

[0008] Additional biomedical applications for synthetic 
biodegradable polymers include use With fracture ?xation, 
for example, as absorbable orthopedic ?xation devices. In 
particular, such biodegradable polymers permit treatment of 
bone fractures through ?xation, providing good tissue/ma 
terial compatibility, and facile molding (into potentially 
complex shapes) for easy placement. Controlled degradation 
of the polymers permits optimum bone function upon heal 
ing. The materials can reestablish the mechanical integrity of 
the bone and subsequently degrade to alloW neW bone 
formation to bear load and remodel. These biodegradable 
polymers maintain mechanical integrity While undergoing a 
gradual degradation and loss in siZe permitting bone 
ingroWth. In contrast to the traditional use of steel ?xation 
devices, the degradable polymer-based device is advanta 
geous in those situations Where the device is not needed 
permanently or Would require removal at a later point in 
time. Also, metallic orthopedic devices shield stress during 
healing and can lead to bone atrophy. Polymers for use in 
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such orthopedic applications are described in US. Pat. No. 
5,902,599, entitled “Biodegradable Polymer Networks for 
Use in Orthopedic and Dental Applications,” and US. Pat. 
No. 5,837,752, entitled “Semi-Interpenetrating Polymer 
Networks,” both of Which are incorporated herein by refer 
ence. US. Pat. No. 5,902,599 also describes synthetic bio 
degradable polymers for use in dental applications. 

[0009] The Wide variety of commercial and biomedical 
applications just described for synthetic degradable poly 
mers demonstrates the need for the development of multiple 
types of polymers With varying degradability pro?les. 

[0010] Synthetic polymers for use in commercial applica 
tions are legion. For example, polyethylene, polypropylene, 
and polystyrene are commercially produced polymers 
Wherein monomer units of ethylene, propylene, and styrene, 
respectively, are sequentially added to a groWing polymer 
chain by a process knoWn as addition polymeriZation. The 
incorporation of monomer units into the polymer continues 
until the polymeriZation process is terminated by the addi 
tion of a compound that reacts With the end of the polymer 
chain and Which itself is incapable of polymeriZation, thus 
quenching the polymeriZation. 

[0011] Dacron is a commercial polyester synthesiZed by 
the condensation polymeriZation reaction of dimethyl 
terephthalate and ethylene glycol. With condensation poly 
meriZation, monomers are heated together in order to com 
bine or condense them, forming a polymer. In addition to the 
formation of the polymer, a small organic by-product is also 
formed and is knoWn as an elimination by-product. To form 
Dacron, the dimethyl terephthalate condenses With the eth 
ylene glycol to form the polyester polymer and methanol as 
the elimination by-product. 

[0012] A draWback to these mechanisms of generating 
commercial polymers is the reaction conditions under Which 
polymeriZation occurs. Typically, high temperatures and 
pressures are required in order to induce polymeriZation. 
Because such severe conditions are required, only mono 
mers that are able to Withstand those temperatures and 
pressures can be used. Such monomers generally possess 
limited functionality, for under the severe reaction condi 
tions, any functionality present on the monomer in the form 
of substituents Would most likely be eliminated or cleaved 
from the monomer and/or the polymer. These restrictions on 
incorporating functionality into polymer systems have lim 
ited the ability to synthesiZe polymers With certain desirable 
properties, such as degradability generally, and biodegrad 
ability speci?cally. The latter is important if the polymer is 
to have medical applications as discussed above. 

[0013] Of course catalysts are knoWn to be used in poly 
meriZation reactions in order to avoid the high polymeriZa 
tion temperatures and pressures described above. A catalyst 
is used to facilitate polymeriZation by loWering the energy 
barrier that reacting monomers must overcome in order to 
initiate polymeriZation. The catalyst is often a metal or 
organometallic compound, Which reacts With the monomers, 
but is not itself incorporated into the ?nal polymer structure. 
But While catalysts can improve polymeriZation reaction 
conditions, catalysts cannot by themselves solve the prob 
lem of increasing functionality in the resulting polymer, 
particularly if the monomers themselves are incapable of 
supporting functionality themselves. Thus, a need remains 
for an acceptable method of synthesiZing functionaliZed 
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polymers under mild conditions With desirable characteris 
tics such as enhanced degradability. 

[0014] Synthetic degradable absorbable polymers already 
developed to date for use in biomedical applications include, 
for eXample, poly(p-dioXanone), Which is an alternating 
ether-ester polymer, and its copolymers; polycaprolactone; 
polyhydroXyalkanoates; poly(propylene fumarate); poly 
(ortho esters); other polyesters including poly(block-ether 
esters), poly(ester amides), poly(ester urethanes), polyphos 
phonate esters, and polyphosphoesters; polyanhydrides; 
polyphosphaZenes; poly(alkylcyanoacrylates); and poly 
acrylic acids, polyacrylamides, and their hydrogels. These 
synthetic absorbable polymers are discussed in detail in 
Handbook of Biodegradable Polymers, edited by Domb, 
Kost, and Wiseman (HarWood Academic Pub. 1997), incor 
porated herein by reference. Speci?cally, chapter 6 discusses 
poly(ortho esters) and chapter 7 discusses other functional 
iZed polyesters. HoWever, the ability to incorporate func 
tionality into the polyester is limited by the loW reactivity of 
the functionaliZed monomers. Using as an eXample mono 

meric precursors for poly(ester amides), it is knoWn that 
functionaliZed morpholine-2,5-diones, knoWn as depsipep 
tides, can be synthesiZed by the condensation of ot-hydroXy 
acid With an ot-amino acid. These derivatiZed depsipeptides 
can be copolymeriZed With lactones; hoWever, less than 1% 
of the functionaliZed depsipeptide monomers are incorpo 
rated into the resulting copolymer. Thus, there is a need for 
neW synthetic routes to functionaliZed polyester polymers. 

[0015] In addition, synthetic polymers based on the poly 
meriZation of caprolactone, lactic acid, and glycolic acid 
have become mainstays in the ?eld of degradable polymers, 
in particular the ?eld of degradable polyesters, and are 
available commercially. Caprolactone is the cyclic ester 
derivative of caproic acid, CH3(CH2)4CO2H, and can be 
ring-opened to form the polyester poly(caprolactone), 
—[(CH2)5CO2]—. It should be noted that caprolactone has 
tWo structural isomers, designated 6 and 6 caprolactone. Any 
discussion of caprolactone generally applies to both forms, 
unless speci?cally noted. Lactic acid- and glycolic acid 
based polymers With high molecular Weights are not 
obtained through direct condensation of the corresponding 
carboXylic acid due to reversibility of the condensation 
reaction, backbiting reactions, and the high degree of con 
version required. Rather, lactic acid- and glycolic acid-based 
polymers are typically obtained by ring-opening polymer 
iZation of the corresponding diester dimers, lactide and 
glycolide, respectively, themselves. Alternatively, the reac 
tion can be carried out as a condensation of lactic and 
glycolic acid. The resulting polymers of these polymeriZa 
tion reactions are poly(lactic acid), also referred to as 
poly(lactide), abbreviated PLA and poly(glycolic acid), also 
referred to as poly(glycolide), abbreviated PGA. Copoly 
mers incorporating both monomers are also available and 
are termed poly(lactide-co-glycolides) abbreviated PLGA 
and poly(glycolide-co-lactides) abbreviated PGLA, or col 
lectively PLGs. US. Pat. No. 5,650,173, incorporated herein 
by reference, describes eXamples of these commercially 
available polymers and copolymers based on lactic acid and 
glycolic acid. It should be noted that lactide has tWo struc 
tural isomers, denoted D and L. Any discussion of lactide 
generally is referring to a racemic miXture of both isomers, 
i.e., d,1-lactide, unless speci?cally noted. 



US 2003/0050426 A1 

[0016] In addition to the polymers based solely on capro 
lactone, lactic acid and glycolic acid, degradable polymers 
can be synthesized in Which additional monomer units are 
incorporated into the backbone of poly(caprolactone), PLA, 
PGA, or PLGs. In particular, copolymeriZation With pre 
formed polymers having a hydrophilic segment can be used. 
Such hydrophilic segments include any number of segments 
based on diol- or glycol-containing linkages, for eXample, 
polyethylene glycol (PEG), also knoWn as polyethylene 
oXide (PEO), polypropylene oXide (PPO), and pluronics. 
The resulting copolymers, thus include lactide and/or gly 
colide monomer units along With the polyether hydrophilic 
core initiating segment as a single block in the backbone of 
the polymer. For eXample, a PEG With molecular Weight of 
600 Would consist of a block of at least 13 monomer units. 
Other polymers have multiple large segments or blocks of 
PEG alternating With blocks of a polyester. For eXample, 
Polyactive®, is a copolymer that has large blocks of PEG 
alternating With blocks of poly(butylene terephthalate). 

[0017] All of these polymers and copolymers derived from 
caprolactone, lactic and glycolic acid, With or Without addi 
tional hydrophilic segments, contain ester linkages in the 
backbone of the polymer chain. The presence of this ester 
linkage provides the necessary functionality to permit 
degradability, particularly biodegradability. As opposed to 
other linkages, such as amides, Which require severe con 
ditions in order to decompose, the ester linkage undergoes 
hydrolysis under even mildly basic conditions such as those 
found in vivo. In contrast, the amide linkage requires more 
stringent conditions and is not easily hydrolyZed even under 
strongly acidic or basic conditions. In vivo, the only avail 
able route for cleavage of an amide bond is enZymatic, and 
that cleavage is often speci?c to the amino acid sequence. 
The highly crystalline nature of polyamides, e.g., nylon, 
further sloWs degradation by preventing or blocking access 
to the amide bond by Water molecules and enZymes. 

[0018] HoWever, all of these polyester polymer formula 
tions just described for biomedical applications suffer from 
a number of disadvantages. It is true that polymeriZations 
involving ring-opening polymeriZation of caprolactone, lac 
tide, and glycolide occur under milder conditions compared 
to the industrial, commercial polymeriZations of ethylene, 
propylene, styrene, and dimethyl terephthalate. Neverthe 
less, like those commercially generated polymers, polymers 
generated by ring-opening polymeriZation of caprolactone, 
lactide, and glycolide lack the ability to support a Wide 
variety of structural functionality, Which in turn restricts 
their functional versatility. This is because the cyclic ester 
caprolactone and the dimeric cyclic esters, lactide and 
glycolide, themselves are incapable of supporting a Wide 
variety of functionality, thus precluding incorporation of 
such functionality into the polyester polymer, even though 
the polymeriZation occurs under relatively mild conditions. 

[0019] The synthesis of functionaliZed polymers is the key 
to the development of a neW generation of degradable 
polymers for commercial and biomedical applications. The 
ability to incorporate more varied structural features into the 
polymer permits increased functionality and uses for the 
polymer in a Wider variety of applications. As the above 
discussion demonstrated in the conteXt of biomedical appli 
cations, degradable polymers are presently used for matrices 
for delivery of bioactive substances, for use as scaffolding in 
tissue engineering, for use as sutures, for fracture ?xation, in 
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dental applications, as sealants, as Well as in other applica 
tions. HoWever, the full potential of this family of polymers 
based on cyclic ester monomers cannot be realiZed given the 
restrictions on incorporation of structural functionality into 
the polymer. 

[0020] Control over functionality Will also permit greater 
control over polymer degradation. Biodegradability, as Well 
as biocompatibility, of polymers are important characteris 
tics if the polymer is to be used for biomedical applications 
as discussed above. The creation of polymers in today’s 
society and the exponential use in all areas of society has 
also created environmental concerns over Whether such 
polymers Will degrade or Will end up in land?lls forever. 
Biodegradability of polyester polymers depends on the 
ability of the ester linkage in the polymer backbone to 
hydrolyZe, that is, to decompose in the presence of Water. 
The ability of that linkage to hydrolyZe, and the time frame 
over Which such decomposition occurs, is in?uenced by the 
surrounding substituents. Thus, control over the functional 
ity introduced into the polymer through selection of appro 
priate substituted monomers Will greatly affect the ability to 
control the degradation of the polymer. 

[0021] Incorporation of functionality also alloWs greater 
processing options for use in various applications. Being 
able to control What types of substituted monomers can be 
incorporated into the polymer alloWs control over the physi 
cal characteristics of the resulting polymer. Those physical 
characteristics are important in determining the consistency 
of the polymer and What types of processing steps the 
polymer can Withstand. This in turn Will determine to What 
applications particular polymers Will be most suited. 

[0022] For eXample, including functionality attached to 
the polymer backbone that can be crosslinked, such as 
through photocuring, radiation, or by chemical means, Will 
produce polymers With the desirable physical characteristics 
of having high mechanical strength While having a loW 
molecular Weight. EXamples of such cross-linkable poly 
meric systems are the following: US. Pat. No. 5,626,863, 
issued to Hubbell et al., entitled “PhotopolymeriZable Bio 
degradable Hydrogels as Tissue Contacting materials and 
Controlled-Release Carriers”; US. Pat. No. 5,844,016, 
issued to SaWhney et al., entitled “RedoX and Photoinitiator 
Priming for Improved Adherence of Gels to Substrates”; 
US. Pat. No. 6,051,248, issued to SaWhney et al., entitled 
“Compliant “Tissue Sealants”; US. Pat. No. 6,153, 211, 
issued to Hubbell et al., entitled “Biodegradable Macromers 
for the Controlled Release of Biologically Active Sub 
stances”; U.S. Pat. No. 6,201,065, issued to Pathak et al., 
entitled “Multiblock Biodegradable Hydrogels for Drug 
Delivery and Tissue Treatment.” All of the aforementioned 
patents are incorporated herein by reference. 

[0023] As another eXample, control over the functionality 
also permits design of polymers capable of undergoing 
phase transitions When in contact With physiological condi 
tions. One type of such polymers is a liquid at room 
temperature but gel at body temperatures, i.e., so-called 
thermoresponsive polymers, Which enhances ease of injec 
tion of the polymer into a human or animal body. Such 
polymer systems are discussed, for eXample, in US. Pat. No. 
5,702,717, issued to Cha, et al., entitled “Thermosensitive 
Biodegradable Polymers Based on Poly(Ether-Ester) Block 
Copolymers,” and US. Pat. No. 6,004,573, issued to Rathi 
































